Chlorella sorokiniana (CS) is a unicellular green alga. The extracts of Chlorella have been used as treatments for relieving hypertension and modulating immune response. The detailed mechanisms are not clear yet. In this study, we sought to study the molecular mechanisms for the polysaccharide fraction of CS-induced immune response. We pulsed dendritic cells (DCs) with CS and found that CS could maturate DCs. CS-maturated DC could activate naïve T cells and stimulate T-cell proliferation and IFN-γ secretion. Furthermore, CS activated PI3K and MAPKs signaling pathways in DCs by interacting with TLR4 receptor. These CSactivated signaling pathways could further activate NF-κB and induce IL-12 production in DCs. This study provides molecular mechanisms for CS-induced DCs activation and immune response.
Introduction
Chlorella is a genus of freshwater unicellular green algae. The extracts of Chlorella have been proposed as potential treatments for improving human health and wildly used as botanical foods. For example, Chlorella extracts were used as nutrition supplements in relieving hypertension and treatments for modulating human immune responses [1] [2] [3] [4] . It was reported that Chlorella extracts can elicit various beneficial pharmacological effects against cancers [5] , bacterial infections [6] , and viral replication [7, 8] . From an earlier study, Chlorella extracts were shown to strongly increase the production of IFN-γ and IL-2 and activate Th1 cells to strengthen immune system and host defense [9] . Hasegawa et al. demonstrated the roles of Chlorella extracts in inducing IFN-γ and IL-2 mRNA expression and activating cell-mediated immunity [10] .
DCs are professional antigen-presenting cells (APCs) and have unique ability in linking innate and adaptive immunity [11, 12] . Immature DCs are able to ingest antigens. Once activated, DCs go through a series of maturation processes that include migration to lymphoid tissues, downregulation of antigen uptake, upregulation of major histocompatibility complex (MHC) class II, costimulatory molecules (CD40, CD80, and CD86), and a specific maturation marker CD83 [13] [14] [15] , and finally presenting antigenic peptides to T lymphocytes [16] .
The MAPK families (p38, ERK, and JNK) were activated in response to a variety of cellular stress or stimuli, including oxidative stress, LPS and TNF-α, in all cell types indicated [17, 18] .
The effects of CS on human DCs are not yet defined. In this study, we examined the molecular mechanisms of CS in the activation and maturation processes of human monocyte-derived DC. Evidence-Based Complementary and Alternative Medicine MO, USA). Neutralization antibodies against toll-like receptor (TLR)-2 and TLR-4 were purchased from eBiosciences (San Diego, CA, USA). Helenalin, SB203580, PD98059, and JNK inhibitor II were purchased from Calbiochem (Darmstadt, Germany). LY294002 was purchased from LC Laboratories (Woburn, MA, USA). These inhibitors were dissolved in dimethyl sulfoxide (DMSO) from Sigma-Aldrich (St. Louis, MO, USA), and 0.1% (v/v) DMSO was used as negative control whenever indicated. The duration of pretreatment of these compounds (LY294002, helenalin, SB203580, PD98059, and JNK inhibitor II) on immature DCs before stimulation was 1 h unless indicated otherwise.
Materials and Methods

Reagents. Escherichia coli LPS (L8274,
E
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. Chlorella sorokiniana is a commercially available product (International Cryptomonadales Biotechnology, Taiwan). Fifty grams of Chlorella sorokiniana powders were refluxed with 150 mL distilled water for 1 h. The extracts (polysaccharide fraction) were filtered through no. 5 filter paper (Toyo Roshi, Toyo, Japan) and vacuum concentrated at 60
• C. The presence of LPS was detected by the chromogenic Limulus amebocyte lysate assay (Charles River Laboratories, Inc., Wilmington, MA, USA). The cytotoxicity of CS against normal cells (PBMC) was assessed by Alamar Blue assay (AbD Serotec, Oxford, UK) because of its low toxicity to normal cells [19, 20] . CS was not toxic to PBMC at the highest concentration tested (>100 μg/mL) (data not shown).
Generation of Monocyte-Derived DC.
All cell subsets were isolated from peripheral blood of healthy donors. Peripheral blood mononuclear cells (PBMCs, obtained from the Taiwan Blood Services Foundation, Taiwan) were isolated from heparinized whole blood by Ficoll/Isopaque/ 1.077 g/mL (Pharmacia, Freiburg, Germany) density gradient centrifugation (2800 rpm, 20 min, 22
• C). CD14 + cells were purified by positive selection using anti-CD14 + microbeads with the MiniMACS system by following the manufacturer's instructions (Miltenyi Biotec, Auburn, CA, USA). The DC14 + cells were cultured at 1×10 6 /mL in 24-well plates (Costar, Cambridge, MA, USA) in RPMI 1640 with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 25 mM HEPES, 100 U/mL penicillin, 100 U/mL streptomycin (Invitrogen, Carlsbad, CA, USA), granulocyte macrophage-colony stimulating factor (GM-CSF; 25 ng/mL), and IL-4 (25 ng/mL) (Peprotech, London, UK), and media were changed every 2-3 days. Human monocyte-derived DCs were harvested on day 6.
Cytokine Measurements.
IL-12 and IFN-γ secreted from DCs or T cells were assayed with an enzyme-linked immunosorbent assay (ELISA) kit (R&D Systems, Minneapolis, MN, USA). The absorbance of the plate was detected by a SpectraMax M5 microplate reader (Molecular Devices, Sunnyvale, CA, USA) with input wavelength at 450-540 nm. The detecting limits of these ELISAs were 31.3 pg/mL for IL-12 and 15.6 pg/mL for IFN-γ. 
Quantitative Reverse Transcription-Polymerase Chain Reaction (QRT-PCR
FITC-Labeled Dextran
Uptake. Cultured DCs were washed twice and resuspended in 1 mL RPMI 1640 supplemented with 10% FBS, 2 mM L-glutamine, 100 U/mL penicillin, 100 U/mL streptomycin, and 25 mM HEPES. The cells were stimulated with CS (30 μg/mL) for 48 h and then incubated with FITC-dextran (Sigma Chemical, St. Louis, MO, USA) (0.5 mg/mL) at 4
• C or 37
• C for 1 h. Afterward, the cells were washed thrice with ice-cold PBS and analyzed with a FACScan flow cytometry as described above.
Allogeneic Mixed Leukocyte Reaction (MLR).
An allogeneic MLR (allo-MLR) was performed by following a modified protocol [21] . After treated with CS, DCs were harvested and incubated with mitomycin-C (50 μg/mL, Sigma Chemical, St. Louis, MO, USA) for 1 h at 37
• C to inhibit cell proliferation. These cells were then washed three times with ice-cold PBS and plated into 96-well U-bottom culture plates (Corning, NY, USA) as stimulators for T cells.
CD3 + T cells for the allo MLR assay were obtained from allogeneic PBMC purified with MACS beads (Miltenyi Biotec, Auburn, CA, USA). The purity of isolated cells was >95% of CD3 + T cells as determined by flow cytometry. Purified CD3 + T cells (Responder cells) were added to 96-well U-bottom culture plates at 1×10 5 cells/well. The final volume is 200 μL/well, and the plates were incubated at 37
• C in 5% CO 2 . After coculturing T cells and DC for 2 days, cell-free supernatants were collected, and secreted human IFN-γ was quantified by ELISA. T-cell proliferation was detected by Alamar Blue assay after being cocultured with DC for 5 days. The number of viable cells correlated with the magnitude of dye reduction and was quantified as percentage of alamarblue reduction. The percentage of alamarblue reduction (% reduction) is calculated according to the following formula:
× 100.
(1)
O 1 and O 2 are constants representing the molar extinction coefficient of oxidized alamarblue at 570 and 600 nm; R 1 and R 2 are molar extinction coefficients of reduced form of alamarblue at 570 and 600 nm, respectively. A 1 and A 2 represent absorbance of unknowns at 570 and 600 nm. N 1 and N 2 represent absorbance of negative controls at 570 and 600 nm, respectively. The values of % alamarblue reduction were calibrated with negative controls containing cell-free medium.
Neutralization Experiments.
Human DCs were preincubated with 20 μg/mL antibody against TLR-2 or TLR-4 (eBioscience, San Diego, CA, USA) for 1 h followed by LPS (1 μg/mL), LTA (1 μg/mL) (Sigma Chemical, St. Louis, MO, USA), or CS (30 μg/mL) treatments for 24 h. The conditioned media were collected and analyzed for IL-12 secretion by ELISA [22] .
Western Blotting.
Total cellular lysates were prepared by using RIPA lysis buffer. Proteins in cell lysates (40 μg) were separated on 10% SDS-polyacrylamide minigels and electrotransferred to a PVDF membrane by iBlot Dry Blotting System (Invitrogen, Carlsbad, CA, USA). Antibodies used in this study were as follows: total-JNK (rabbit pAb sc-571) (Santa Cruz Biotechnology, Santa Cruz, CA, USA), phosphop38 (rabbit pAb #9211), total-p38 (rabbit pAb #9212), phospho-JNK (rabbit mAb #4668), phospho-p42/44 (rabbit pAb #9101), total-p42/44 (rabbit pAb #9102), phospho-AKT (rabbit mAb #2965), total-AKT (rabbit mAb #4691), α-tubulin (rabbit mAb #2125), and β-Actin (rabbit mAb #4970) (Cell Signaling Technology, Boston, MA, USA) [23, 24] . 
NF-κB
Results
CS Induces Phenotypic Maturation and IL-12
Production of Human Monocyte-Derived DC by Activating NF-κB. LPS, a component of the Gram-negative bacterial cell membrane, was described as an inducer of DC activation and maturation [25] . Therefore, we use LPS as a positive control in this study.
To determine whether CS can modulate the development of human DCs in vitro, we compared the phenotype of human DCs treated with or without CS for 48 h. We demonstrated that CS increased the expression of CD83, CD86, CD80, and MHC class II molecules on the cell surface of human DCs (Figures 1(a) and 1(b) ). In order to test the properties of CS in stimulating IL-12 secretion in DCs, DCs were cultured in the presence of different amounts of CS. The production of IL-12 was dose dependently enhanced by CS treatment (Figure 1(c) ). When treated with CS (30 μg/mL) for different durations, human DCs secreted IL-12 timedependently, and maximum secretion was observed within 18-48 h (Figure 1(d) ). Therefore, the stimulatory effect of CS on IL-12 pro-duction in DCs was both dose and time dependent. To further examine whether CS could affect IL-12 expression, human DCs were treated with CS for indicated periods of time and assayed for IL-12 p35 and IL-12 p40 mRNA expression by QRT-PCR. Highest level of both IL-12 p35 and IL-12 p40 mRNA was expressed at 6 h posttreatment in human DCs (Figures 1(e) and 1(f)). Immature DCs capture and process antigens via endocytosis with high efficiency. Once entering the maturation processes, DCs lose their abilities to ingest and process antigens and become potent immunostimulatory APCs [26] . To study whether CS affected the endocytic capacities of DCs, we examined the uptake of FITC-labeled dextran by DCs. As LPS, CS reduced the endocytic capacities of DCs during DC maturation (Figure 1(g) ).
LPS induced DC maturation through activating NF-κB signaling [27] . To determine whether CS matured DC through a similar pathway, we monitored the translocation of NF-κB into the nucleus induced by CS. DCs were cultured in the presence of CS for the indicated period of time, and nuclear extracts were collected and analyzed for NF-κB binding activity using an ELISA-based assay. As shown in Figure 1 (h), CS induced a rapid nuclear translocation of p65 and upregulated NF-κB binding activity with maximum activity at 2 h poststimulation.
CS-Treated Human DCs Enhance T-Cell Activation.
Compared to immature DCs, mature DCs are capable of inducing allogeneic T-cell proliferation more efficiently [28] . Since CS could upregulate cell-surface markers and increase IL-12 production in DCs, we would like to study whether CSinduced DC maturation was sufficient in activating naïve T cells. Immature DCs were treated with LPS or CS and then cocultured with allogeneic naïve T cells. The results showed that CS-treated human DC enhanced T-cell activation, as The effect of CS on DC endocytosis. Human PBMCs were cultured for 6 days, and monocytes were induced to differentiated DCs (refer to Section 2). Immature DCs were stimulated with medium alone, LPS (1 μg/mL), or CS (30 μg/mL) for 48 h, and then incubated with FITCdextran (0.5 mg/mL) for 1 h at 4
• C (dotted line) or 37
• C (solid line). (h) Human monocyte-derived DC were incubated with CS (30 μg/mL) for the indicated period of time. NF-κB assay was described in Section 2. The binding activity of NF-κB was shown as relative OD 450 levels. LPS (1 μg/mL) treatment for 2 h was used as positive control.
* P < 0.05 compared to control. 
PI3K/AKT Pathway Acts Upstream of the MAPKs in CS-
Stimulated DC. We sought to study the effects of CS treatments in regulating intracellular signaling pathways in DCs. Human DCs were stimulated with CS, and the levels of MAPK phosphorylations were assessed by Western blotting. β-actin and α-tubulin were used for internal control. Our results showed that CS induced kinase phosphorylation of all MAPKs tested between 5 and 15 min after treatment ( Figures  3(a) and 3(b) ). To further study the roles of these signaling pathways in CS-induced DC maturation, we treated DC with chemical inhibitors against MAPKs. The doses of these inhibitors were determined based on cytotoxicity assay (see Supplemental Figure 1 available online at doi:10.1155/2012/ 735396). The maximum nontoxic concentration was used in our experiments. Pretreating cells with LY294002, a specific inhibitor of PI3K [29] , resulted in blocking both CSinduced MAPKs phosphorylations and CS-induced AKT phosphorylation in DCs (Figure 3(c) ). These data clearly illustrated that PI3K acted upstream of MAPKs in the CSinduced signaling cascades. In order to study the regulation of CS-induced NF-κB activation, DCs were preincubated with LY294002. Our results showed that LY294002 abrogated CS-induced NF-κB expression (Figure 3(d) ). Next, we examined whether NF-κB and MAPKs signaling was involved in the regulation of CS-stimulated DC activation and IL-12 secretion. Immature human DCs were pretreated with helenalin (a specific blocker of NF-κB), SB203580 (a specific blocker of p38 MAPK), PD98059 (an inhibitor of the ERK pathway), JNK inhibitor II (an inhibitor of the JNK pathway), or LY294002 (an inhibitor of the PI3K pathway) for 1 h and subsequently stimulated with CS for 48 h. The production of IL-12 was quantified by ELISA. IL-12 secretion induced by CS was significantly abrogated by inhibitors against NF-κB, PI3K, and MAPKs (Figure 3(e) ). To further examine the involvement of NF-κB and MAPKs in DC maturation, we blocked NF-κB, PI3K, and MAPKs by helenalin and other MAPKs-specific inhibitors. All these inhibitors except PD98059, a specific inhibitor of ERK, significantly inhibited CS-induced upregulation of CD83 and CD86 in DCs (Figure 3(f) ). These results showed that NF-κB, PI3K, p38, and JNK played critical roles in DC maturation and IL-12 secretion. ERK was important for IL-12 secretion in DCs. However, the role of ERK in DC maturation was redundant and could be compensated by other signaling molecules.
CS-Induced TLR4 Signaling via the PI3K/AKT-MAPKs
Pathway. Toll-like receptors (TLRs) are important pattern recognition receptors on cell surface of immune cells. LPS, Gram-negative bacterial cell membrane components, interact with TLR4. Gram-positive bacterial cell wall components such as lipoteichoic acid (LTA) are known ligands for TLR2 [30] [31] [32] . To determine whether these receptors were involved in CS-induced DC activation, neutralizing antibodies against TLR2 and TLR4 were added to DC 24 h prior to LPS, LTA, or CS treatments. As shown in Figure 4 LPS-induced IL-12 secretion, while anti-TLR2 neutralizing antibody significantly inhibited LTA-induced IL-12 secretion. In addition, anti-TLR4 neutralizing antibody also significantly reduced NF-κB activation in CS-stimulated DCs (Figure 4(b) ).
Discussion
Algae are simple organisms, and their extracts can regulate immune responses in mammals [33, 34] . Among these algae, several species of Chlorella were reported to induce immune responses in human or mice [35] [36] [37] . In this study, we studied the effect of Chlorella sorokiniana polysaccharides extracts on human immune responses. It was reported that polysaccharides extracted from several origins can induce DC maturation and immune responses [38] . As other polysaccharide extracts, Chlorella polysaccharide fraction extracts can also maturate DC and activate immune response by inducing IL-12 secretion in DCs. IL-12 is important for activating natural killer cells (NKs) and inducing the differentiation of T helper cells toward Th1 cells. Th1 response can skew the immune system toward cellular immune response, which maximize the killing efficacy of macrophage, increase CD8 + T-cell proliferation, and activate natural killer cells [39] . In addition, Th1 response is important in fighting against virus infection and cancer [40] .
Since NF-κB binding site was found in the promoter region of both IL-12 p40 and p35, NF-κB may involve in CS-induced IL-12 expression. Indeed, we observed that CS not only induced the expression of IL-12 in DC but also the activation of NF-κB. Furthermore, blocking NF-κB signaling in DCs reduced CS-induced IL-12 secretion. Therefore, NF-κB signaling is required for CS-induced IL-12 expression in DCs.
Signal transductions via the MAPKs play important roles in cellular responses including cell proliferation, differentiation, and survival [41] . We detected the activation of AKT and MAPK signaling pathways induced by CS in DC and verified the importance of AKT and MAPK signaling pathways induced by CS in DC activation. All signaling pathways tested were required for CS-induced IL-12 secretion in DC. However, ERK signaling pathway is not required for CSinduced DC maturation. The role of ERK signaling pathway in DC maturation is reported controversially. Lin et al. reported that ERK signaling pathway is required for IL-12 secretion in DC maturated by polysaccharide purified from Ganoderma lucidum [4] . However, ERK pathway was shown to differentiate DC towards tolerogenic DC [42] . One possible explanation is that the intensity and duration of signaling activation may be different based on stimuli, and different activation patterns of signaling pathways may result in various consequences. Further studies are required to clarify the importance of the intensity and duration of ERK phosphorylation in DC activation.
TLRs are cell surface receptors that recognize structurally conserved molecules derived from microbes. The reported ligands of these TLRs range from bacterial cell surface LPS, lipoproteins, flagellin, viral DNA and dsRNA to host fibrinogen and heat shock proteins. Our results suggested that CS interacts with TLR4 and maturates DC through NF-κB signaling pathway. Interestingly, TLR4 activates genes required for initiating adaptive immune responses when artificially ligated by antibodies, and NF-κB signaling pathway was reported involved in this process [43] . Consistent with previous publications, we demonstrated the importance of TLR4 signaling in activating immune response. Furthermore, we identified CS extracts as novel ligands for TLR4. In order to rule out the contamination of endotoxin LPS in CS, we detected LPS level in CS samples. We found that there was no detectable level of endotoxin (<0.30 endotoxin units/mL) in CS samples (data not shown). Therefore, our results suggested that CS maturates DC by binding to TLR4 receptor.
Conclusion
In summary, our study provides potential molecular mechanisms for CS-induced DC maturation and T-cell activation. These mechanisms are illustrated in a schematic figure ( Figure 5 ). In addition, our study also provided theoretical basis for studying the effects of CS on immune responses in animal models and clinically.
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